It has been generally assumed that the cell body (soma) of a neuron, which contains the nucleus, is mainly responsible for synthesis of macromolecules and has a limited role in cell-to-cell communication. Using sniffer patch recordings, we show here that electrical stimulation of dorsal root ganglion (DRG) neurons elicits robust vesicular ATP release from their somata. The rate of release events increases with the frequency of nerve stimulation; external Ca 2؉ entry is required for the release. FM1-43 photoconversion analysis further reveals that small clear vesicles participate in exocytosis. In addition, the released ATP activates P2X7 receptors in satellite cells that enwrap each DRG neuron and triggers the communication between neuronal somata and glial cells. Blocking L-type Ca 2؉ channels completely eliminates the neuron-glia communication. We further show that activation of P2X7 receptors can lead to the release of tumor necrosis factor-␣ (TNF␣) from satellite cells. TNF␣ in turn potentiates the P2X3 receptor-mediated responses and increases the excitability of DRG neurons. This study provides strong evidence that somata of DRG neurons actively release transmitters and play a crucial role in bidirectional communication between neurons and surrounding satellite glial cells. These results also suggest that, contrary to the conventional view, neuronal somata have a significant role in cell-cell signaling.
N
eurons use transmitters released from vesicles at presynaptic terminals to communicate with other cells (1) . Recent reports suggest that transmitter release also takes place in extrasynaptic domains (ectopic release) (2) . It has been assumed for a long time that the cell body (i.e., soma) of a neuron does not release transmitters in response to electrical stimulation. This assumption has been challenged by our and others' observations that neuronal somatic release indeed occurs (3) (4) (5) (6) (7) (8) (9) (10) . Using carbon fibers, several groups have shown that somatic release of catecholamine occurs through vesicular mechanisms (3, (5) (6) (7) . Exocytosis in response to membrane depolarization has also been reported in the somata of dorsal root ganglion (DRG) neurons (4), a group of neurons responsible for transmitting touch, temperature and pain information from the periphery to the spinal cord (11) . In most cases, soma release is triggered and enhanced by voltage-dependent Ca 2ϩ channels (4) (5) (6) (7) 10) . Despite these studies, it is not known whether vesicular release of fast-acting transmitters, e.g., ATP or glutamate, occurs in the somata. The function of somatic release is poorly understood.
ATP has been shown to be released from nerve terminals and axons of DRG neurons (12, 13) , and is involved in synaptic transmission at afferent-dorsal horn synapses (14) and neuron-glia signaling (15) . Because ATP-activated P2X receptors become greatly sensitized after injury (16) (17) (18) (19) , ATP is a transmitter especially important for signaling injurious nociceptive information. We found that sniffer patches excised from cells over-expressed with a specific receptor can provide us with sufficient sensitivity and temporal resolution to monitor the transmitter release dynamically from the soma of a neuron. Using this technique, we probed the release of ATP from the somata of DRG neurons. Here, we show that electric stimulation elicits robust vesicular release of ATP from neuronal somata and thus triggers bidirectional communication between neurons and satellite cells.
Results
We asked first whether vesicular release of ATP occurs in the somata of DRG neurons. P2X2-EGFP receptors were overexpressed in HEK cells and used as the biosensor (i.e., sniffer patch method) (20) . P2X2 receptors were chosen because they were easily expressed at a high level (Ϸ200 pA/pF) in HEK cells and the receptor-mediated currents hardly inactivated (21) . To mimic physiological conditions, all release experiments were performed at 35°C. An outside-out membrane patch was pulled from a P2X2-expressing HEK293 cell with a patch electrode and placed against the somatic membrane of a DRG neuron (Fig. 1A) . When the DRG neuron was stimulated with a whole-cell patch electrode to evoke action potentials, miniature excitatory synaptic current (mEPSC)-like inward current spikes were detected by the sniffer pipette ( Fig.  1 A) . As a negative control, sniffer patches excised from nontransfected HEK cells could not detect any activity. We showed that the current activity was mediated by P2X2 receptors, because the P2X antagonist PPADS (pyridoxal-phosphate-6-azophenyl-2Ј-4Ј-disulfonic acid) (30 M) reversibly blocked the responses ( Fig. 1 Bi and C). Apyrase (30 units), which hydrolyzes extracellular ATP, abolished the current responses ( Fig. 1 Bii and C), suggesting that ATP is indeed released from the somata of DRG neurons. Because current events were dramatically reduced in an extracellular solution containing the Ca 2ϩ chelator BAPTA (1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetate) and 0 Ca 2ϩ ( Fig. 1 Biii and C), external Ca 2ϩ entry is required for somatic ATP release.
The current responses were further characterized by analyzing their amplitude distribution. The current events were kinetically homogenous because the rise time and half-width distribution of release events could be fit well with a single Gaussian [supporting information (SI) Fig. 5 ]. The amplitude of events could be fit with multiple Gaussians of equally spaced peaks (Fig. 1Di) , suggesting the quantal nature of the ATP release (quantal size ϭ 3.6 Ϯ 0.3 pA, n ϭ 4). To determine whether large release events were derived from recruitment of larger vesicles, the distribution of cubed root of peak amplitude of release events was analyzed. Cubed root transformation did not reveal any new bimodal Gaussian distribution, nor did it collapse the multipeak Gaussian distribution (Fig.  1Dii) . Thus, ATP seems to be released synchronously from multiple vesicles rather than from different sized vesicles. The dependence of ATP release on stimulating frequency of neurons was also studied (Fig. 1Ei) . Current activity at the sniffer was recorded when DRG neurons were stimulated by 20 action potentials delivered at 1, 10, or 20 Hz. To minimize vesicle depletion, different stimulus trains were given in a random order with a 7-to 8-min wait between the trains. With increasing frequency of stimulation, current events occurred at a higher rate and the interspike intervals were shortened whereas the amplitudes of the events remained unchanged (Fig. 1Eii) . If the probability of somatic ATP release depends on the rate of [Ca 2ϩ ] i increase, the latency between the onset of the stimulation train to the first current spike should depend on stimulus frequency. We found that the latency indeed became progressively shorter as the frequency increased from 1 Hz to 20 Hz (Fig. 1Eiii) .
We also examined exocytosis and endocytosis of vesicles in the somata of DRG neurons using FM1-43 (FM), a styryl dye that becomes fluorescent when it is partitioned in the membrane (22) . An electrical stimulus (i.e., 20 Hz, 30 s) similar to that used to elicit ATP release was used to induce exocytosis. We found that vesicles in neuronal somata underwent robust exocytosis and were then retrieved by subsequent endocytosis (SI Fig. 6 A and B) . Local vesicle recycling was not evident. Similar to the observation in sniffer patch experiments (Fig. 1) , the total fluorescence increase depended on the stimulus frequency and external Ca 2ϩ concentration (SI Fig. 6 C and D) . The size and distribution of vesicles involved in the exo-and endocytosis were studied by using the photoconversion technique (23) . Isolated DRG neurons were fixed within 10 s of neuronal stimulation and incubated in a diaminobenzidine (DAB) solution. The DAB in the FM1-43-containing vesicles was then photoconverted into an electron-dense reaction product and appeared darker than nonphotoconverted vesicles ( Fig. 2 Ai and SI Fig. 7 ). Under our experimental conditions, most photoconverted vesicles were scattered near the membrane. Rarely did they remain dock to the membrane surface. We have not seen vesicles aggregate at particular sites as those in presynaptic terminals. Photoconverted vesicles had a mean diameter of 47.8 Ϯ 6.5 nm, similar to that of nonphotoconverted vesicles (46.9 Ϯ 8.3 nm) (Fig. 2Aii) . Measuring the perpendicular distance between vesicles and the membrane, we found that photoconverted vesicles were located closer to the plasma membrane than that of nonphotoconverted vesicles (Fig. 2 Aiii) . With our stimulus protocol, photoconverted large dense core vesicles were not seen. Only when neurons underwent strong and prolonged (Ͼ10 min) stimulation did we find large (diameter Ͼ100 nm) DAB-stained vesicles (data not shown).
The function of somatic release of DRG neurons was studied next. Although neuronal cell bodies are densely packed in the ganglion, they do not seem to make direct contact with each other (24) . No morphologically defined synapses between cell bodies have been found. Instead, each soma is enwrapped by a layer of satellite glial cells. A likely function of somatic ATP release is neuronsatellite cell communication. To determine whether this communication indeed occurs, an L4 or L5 DRG with attached sciatic nerves was isolated from the rat, loaded with the fluorescence Ca 2ϩ dye, Fluo-4 AM, and imaged under a confocal microscope. The basal fluorescence intensity (F 0 ) measured before the nerve stimulation, was five to eight times lower in neurons than F 0 in satellite cells (SI Movie 1). In response to nerve stimulation, neurons always fluoresced first. The surrounding satellite cells then lit up after a delay (Fig. 2Bi) . Analyzing the time course of [Ca 2ϩ ] i increase, we found that the [Ca 2ϩ ] i in neurons increased sharply after nerve stimulation, reaching a peak level within 1-2 s and remained at the plateau level (Fig. 2Bii) ] i often stayed at a plateau level or continued to rise even after the nerve stimulation and then slowly (60-80 s) returned to the baseline (Fig. 2Bii) .
As the stimulus frequency was increased from 2 to 200 Hz, the change in peak [Ca 2ϩ ] i in both neurons and satellite cells increased and the delay between the neuronal and satellite Ca 2ϩ signals became shorter (Fig. 2C) . L-type Ca 2ϩ channel blocker, nimodipine (2 M), completely blocked the [Ca 2ϩ ] i increase in both neurons and satellite cells, suggesting that activation of L-type Ca 2ϩ channels is essential for the communication between neuronal somata and satellite cells (Fig. 2D) .
To identify the transmitter involved in the communication, apyrase was again tested. We found that apyrase blocked the Ca 2ϩ responses in satellite cells but had no effect on the Ca 2ϩ responses in neurons (Fig. 3A) . Thus, ATP released from neurons is the major transmitter participating in neuron-satellite cell communication. To determine the type of P2X receptors involved in the communication, the effects of the reversible P2X7 receptor antagonist brilliant blue G (BBG) and the irreversible P2X7 antagonist oxidized ATP (oxATP) were examined. Both BBG and oxATP blocked [Ca 2ϩ ] i increase only in satellite cells, but not in neurons (Fig. 3 B-D To determine the consequence of P2X7 receptor activation in satellite cells, we studied the release of TNF␣, a cytokine that is up-regulated after inflammation and nerve injury (25, 26) and exerts pronociceptive actions on sensory neurons (27) (28) (29) . TNF␣ release before stimulation was below the detection level (Ͻ 6.25 pg/mg) (Fig. 4A) . After tetanic trains of stimulation, TNF␣ release increased significantly (36.6 Ϯ 6.1 pg/mg, n ϭ 3). When DRGs were preincubated with oxATP (100 M), the TNF␣ release was reduced by 77% (to 8.5 Ϯ 1.2 pg/mg) (Fig. 4A) . P2X7 receptor activation in satellite cells is likely the mechanism mediating the oxATP-dependent TNF␣ release in the ganglion. We then studied the actions of TNF␣ on neuronal activity in isolated DRG neurons. Low levels (0.5 ng/ml) of TNF␣ enhanced P2X3-receptor mediated currents in neurons (Fig. 4B) . TNF␣, at 12.5 ng/ml, was found to increase the excitability of neurons (Fig. 4C) . These results suggest that under tetanic nerve stimulation, a condition mimicking cellular responses to inflammation and nerve injury, P2X7 receptordependent release of TNF␣ affects the activity of neurons.
Discussion
The overexpression of P2X2 receptors in sniffer patches allows us to unequivocally identify ATP released from the somata of DRG neurons (Fig. 1Bi ). This conclusion is further confirmed by the result that release events disappeared in the presence of apyrase ( Fig. 1 Bii and C) . ATP release is vesicular because (i) sniffer patches detected discrete mEPSC-like release events at the somata of DRG neurons after action potential stimulation (Fig. 1B) and (ii) the amplitude of release events exhibits quantal Gaussian distribution (Fig. 1Di) . Because the amplitude histogram of kinetically homogenous release events remains multimodal after cubed root transformation (Fig. 1Dii) , multivesicular release of ATP from somata of DRG neurons is likely to occur. ATP has been shown to be stored and released from distinct pools of vesicles in hippocampal synapses (30) , but is costored and coreleased in chromaffin cells (31) and hypothalamic neurons (32) . It would be of interest to determine whether other transmitters, e.g., glutamate and 5HT, can be coreleased with ATP from neuronal somata. Our FM1-43 experiments confirmed that DRG somata undergo exocytosis and endocytosis in response to electrical stimulation (SI Fig. 6 ). Photoconversion experiments suggest that small clear vesicles participate in the exocytosis. Because FM1-43 experiments do not reveal the content of exocytic vesicles, one could not be sure that ATP was present in the observed small photoconverted vesicles. We suggest that small vesicles are likely to be involved in ATP release because P2X2 receptor-mediated mEPSC responses could be observed under similar electrical stimulus (Fig. 1) .
It is interesting to note that neuronal somatic release is distinctly different from synaptic release, but closely resembles the regulated exocytosis in endocrine cells. For example, in the soma, there is no obvious structural correlate of the presynaptic thickening (i.e., active zone) where numerous small clear vesicles aggregate. Instead, vesicles in the neuronal soma are randomly distributed, many of them are located away from the membrane (Fig. 2 A) (7) , a distribution similar to those found in endocrine or PC12 cells (33) . Another important difference between somatic release and synaptic release is the types of voltage-dependent Ca 2ϩ channels involved in the release. We (Fig. 2D) and others (7, 10) have found that L-type Ca 2ϩ channels, which are known to be loosely associated with release machinery (34, 35) , mediate somatic exocytosis. In contrast, N-and P/Q types Ca 2ϩ channels, which are closely associated with fusion machinery, are involved in the exocytosis at synaptic terminals (34, 36) . These observations also are consistent with our conclusion that the intracellular Ca 2ϩ levels required for somatic release is lower than those required for the release from most nerve terminals (4, 36) .
One of the most interesting findings of our study is that somatic release of ATP in response to nerve stimulation plays a pivotal role in neuron-satellite glial cell communication in DRGs. These results revise our view that the soma of a neuron is primarily responsible for synthesis of molecules and has only a minor role in communication with other cells. Our study showed that the P2X7 blockers, BBG and oxATP completely block nerve-stimulated and KClinduced [Ca 2ϩ ] i increase in satellite cells without affecting [Ca 2ϩ ] i transients in neurons ( Fig. 3 and SI Fig. 8 ). These results, together with the finding that P2X7 receptors are expressed only in satellite cells in DRGs (37, 38) , suggest that somatic ATP released from DRG neurons directly affects the activity of satellite cells by activation of P2X7 receptors. The slow [Ca 2ϩ ] i transients observed in satellite cells (Fig. 2B ) is also consistent with the slow P2X7 receptor-mediated Ca 2ϩ entry (39, 40) . The involvement of P2X7 in the communication provides a mechanism by which neuronal somata convey information to satellite cells and receive feedback from them. Our results also suggest that neuronal somata could communicate with each other in the ganglia by propagating information through neuronal-glial chains.
The role of P2X7 in processing nociceptive signals has only been recently recognized. Inhibition of P2X7 receptors improves functional recovery in rats with spinal cord injury (41) and P2X7 knockout mice do not develop neuropathic pain after nerve ligation (42) . The channel properties of P2X7 receptors are unusual. They require high concentration of ATP for their activation (21) ; the ion permeability of the P2X7 receptor channel depends on channel activity. Responding to prolonged or repeated stimulation, the channel becomes increasingly less selective, i.e., pore dilation (43, 44) . These unique channel properties allow P2X7 receptors to respond dynamically to different pain states as ATP release from activated neurona or glial cells increases under various pathological conditions (17, 45) In addition, P2X7 receptors have been found to be closely associated with cytokine functions. Activation of P2X7 receptors can lead to maturation and release of cytokines from glial cells (46) . We showed that TNF␣ release by glial cells in ganglia is P2X7 receptor-mediated (Fig. 4) . Exogenously applied TNF␣ can increase the firing of peripheral terminals (27) , depolarize DRG neurons in ganglia (29) and increase the excitability of dissociated DRG neurons (Fig. 4) . The mechanisms of TNF␣ action include reducing voltage-dependent K ϩ currents, enhancing tetrodotoxin Na ϩ channels (47) , increasing capsaicin responses (28) and potentiating P2X3-receptor mediated currents (Fig. 4). It has yet to demonstrate that TNF␣ produced by activation of satellite cells alters the excitability of neuronal somata in vivo. The release of TNF␣ occurring after tetanic nerve stimulation or injury would then affect neuronal activity and establish a positive feedback loop between neurons and satellite cells, thus contributing to exaggerated responses under pathological conditions. Our results emphasize the importance of soma-glia cell communication. There is evidence that neuronal somata also communicate directly with each other through cross-excitation (48), through purinergic synapses in cultures (49) or through noradrenergic synapses after peripheral nerve injury (50) . It would be important to determine the relationship between soma-glia and soma-soma interactions and how it contributes to the complex communication among DRG cells. Harnessing such interactions in DRGs could be a new strategy for the treatment of chronic pain.
Materials and Methods
Electrophysiology. The sniffer patch method (20) was used to detect somatic ATP release. HEK293 cells were transfected with P2X2 plasmid (kindly provided by A. Surprenant, University of Sheffield, Sheffield, U.K.) tagged with enhanced GFP using FuGENE 6 (Roche, Indianapolis, IN). On the day of experiments, acutely dissociated DRG neurons were prepared from L4 or L5 DRGs of 21-to 28-day-old rats by using the method described in ref. 18 . Within 6 h, release experiments were performed on small and medium (diameter Յ35 m) DRG neurons at 35°C. To study the effects of TNF␣ on ATP currents, whole cell ATP currents were recorded from acutely dissociated DRG neurons at room temperature (Ϸ23°C). The use and care of experimental animals were according to institutional guidelines of the University of Texas Medical Branch, Galveston, TX.
FM1-43
Uptake and Photoconversion. FM1-43 uptake experiments were done on isolated DRG neurons at 35°C. After perfusion of FM1-43 (2 M), DRG neurons were electrically stimulated with field stimulation. For photoconversion experiments, after FM1-43 application and electrical stimulation, neurons were fixed immediately with a glutaraldehyde (2%)-containing phosphate buffer saline (PBS) (100 mM) for 20 min and washed thoroughly to reduce autofluorescence. Afterward, neurons were incubated in DAB (1.5 mg/ml in PB) solution for 20 min and then illuminated with a 488-nm Argon laser light for 10-20 min while an ice-cold DAB solution was continuously refreshed. After photoconversion, neurons were washed in an ice-cold PB, and processed for electron microscopy (EM).
Calcium Imaging. Calcium imaging was done on whole ganglia. L4 or L5 DRGs were excised with the sciatic nerve attached. After the removal of meningeal layers, ganglia were recovered in an artificial cerebrospinal fluid (ACSF) solution for 1 h at 23°C. The ganglia were then incubated in a Fluo-4 AM (0.92 mM)-containing ACSF for 1 h. After wash, a ganglion was then placed under a Nikon upright confocal microscope (Melville, NY). Bipolar electrode was placed on the sciatic nerve to stimulate the axons of DRG neurons. Imaging analysis was done with the Metamorph software (Downingtown, PA).
Release of TNF␣. A L4 or L5 DRG with the sciatic nerve attached was placed in a chamber containing 200 l external solution. A bipolar electrode was placed on the sciatic nerve to apply tetanic stimulation (12.5-, 25-, and 50-Hz pulse sequence applied for 5 min each and the sequence was repeated four times) at 35°C. The solution was collected. Solution samples from four DRGs were pooled together and concentrated. The TNF␣ concentration was measured by using an ELISA kit (R & D Systems, Minneapolis, MN). The release values were normalized with the protein content in DRGs, which was determined afterward by a colorimetric assay by using bicinchoninic acid (BCA).
